induces the expression of many markers specific to lymphatic endothelium, including vascular endothelial growth factor receptor 3 (VEGFR3). VEGFR3 is a receptor for VEGF-C and -D (35) . Normally following lymphatic differentiation, the expression of VEGFR1, a receptor for VEGF-A, VEGF-B, and placental growth factor (15, 41, 42) , is decreased (43) , which makes lymphatic endothelial cells responsive to a different set of vascular growth factors. Interestingly, our previous analysis also demonstrated that VEGFR1 mRNA is increased for 24 to 96 h following KSHV infection of blood endothelial cells (6) , which is counter to the lymphatic differentiation pathway. Other studies utilizing microarray indicated that VEGFR1 mRNA is induced 4 h postinfection upon viral binding and entry of KSHV in primary human dermal microvascular endothelial (HMVEC-d) cells (40) . If functional VEGFR1 protein is expressed, it could make the KSHV-infected endothelial cells responsive to mitogens that activate both lymphangiogenesis and vascular angiogenesis.
VEGFR1 expression is often controlled by the hypoxia-induced factor (HIF) family of transcription factors (20, 55) . HIF is a heterodimeric transcription factor composed of an oxygensensitive alpha protein, the prototypical HIF1␣ (59, 60) or the vascular-enriched HIF2␣ (57) , and a constitutively expressed beta subunit, HIF1␤, also known as the aryl hydrocarbon receptor nuclear translocator (24) . HIF is a master regulator of both developmental and pathological angiogenesis associated with the vascularization of the embryo and tumors. During normoxia, HIF1␣ and -2␣ are modified by oxygen-dependent prolyl hydroxylases (17, 26, 46) . This facilitates recognition by the E3 ligase von Hippel-Lindau (VHL) factor, which rapidly leads to polyubiquitination and proteosomal degradation (36) . However, under hypoxic conditions, the HIF alpha subunits are stabilized, translocated to the nucleus, heterodimerized, and activated to induce genes containing hypoxia response elements (HREs), which include VEGF and its receptor VEGFR1 as well as genes involved in erythropoeisis, iron uptake, glucose transport, and glycolysis (49) . This allows the hypoxic cells to survive under low oxygen and initiates neoangiogenesis by recruiting new blood vessel formation from existing vasculature. HIF is also inducible under normoxic conditions by a variety of growth factors, cytokines, and vasomodulatory hormones (14) . Previous work by Poole et al. indicated that HIF1␣ was increased by microarray analysis with long-term infection of HMVEC-d cells (44) , and our microarray results indicated that both HIF1␣ and -2␣ expression levels may be increased following infection (6) . In addition, two hypoxia-inducible genes, VEGFR1 and the carcinoembryonic antigen-related cell adhesion molecule 1 (10) , were also increased following infection, while a decrease in the hypoxia-repressible secretion of monocyte chemoattractant protein 1 (5) was noted, indicating a potential normoxic induction of the HIF pathway (6) .
HIF1␣ has previously been proposed to play a role in KSHV lytic infection. A KSHV lytic gene, ORF74, which encodes a viral G-protein-coupled receptor (vGPCR), can lead to the activation of HIF1␣ when ectopically expressed, though this is not at the transcriptional level (51) . Interestingly, HIF1␣ mRNA escapes lytic KSHV-induced host shutoff in endothelial cells and this was shown to be separable from the activity of the vGPCR (21) . Also, work in a PEL cell line demonstrated an increase in lytic reactivation mediated by hypoxia (13) and the same group identified functional HREs within the KSHV genome (23) . However, our array data showing an increase in the abundance of both HIF alpha transcripts were based upon a predominantly latent infection system.
Here we demonstrate that latent KSHV infection of primary HMVEC-d cells and human telomerase-immortalized microvascular endothelial (TIME) cells leads to increased expression of HIF1␣ and HIF2␣. HIF is functionally activated in infected cells, and the hypoxia-responsive VEGFR1 is induced upon infection under normoxic conditions. Hypoxic mimic stimulation of infected endothelial cells leads to a synergistic increase in both HIF activity and expression of VEGFR1. This increased protein expression of HIF1␣, HIF2␣, and VEGFR1 upon KSHV infection is blocked by the Src family kinase inhibitor, SU6656, implicating this pathway in the viral induction of normoxic HIF. Finally, we also show that these effects are a result of KSHV latent gene expression in endothelial cells and demonstrate increased HIF1␣ and -2␣ expression in KS lesions in vivo.
MATERIALS AND METHODS
Cell lines and reagents. Both primary dermal human microvascular endothelial cells, HMVEC-d (Clonetics) and hTERT-TIME cells (58) , were cultured in endothelial basal medium 2, with endothelial growth medium 2 supplements added (Cambrex), under standard culture conditions. The following chemical stocks and concentrations, from the listed companies, were stored at Ϫ20°C: deferoxamine mesylate (DFO), 50 mM stock in water; SU6656 "in solution," 10 mM stock in dimethyl sulfoxide (Calbiochem); MG132, 2 mM stock in methanol (Sigma).
KSHV infection of endothelial cells. KSHV infections of TIME and HMVEC-d cells were performed as described previously (32) , and UV irradiation of KSHV was carried out on concentrated viral stocks with five auto-crosslinks of 12,000 Joules each with a UV Stratalinker 1800 (Stratagene), and virus stocks were then added similarly to the infectious inoculum. All cells were infected in complete medium with serum and overlaid with complete medium after 2 h. Cells infected with the UV-irradiated virus were negative for latencyassociated nuclear antigen (LANA) by immunofluorescence assay at 48 h postinfection. KSHV lytic infection was induced using a KSHV ORF50 adenovirus vector, Ad50 (1) (a kind gift from D. Ganem), as described previously (22) .
Northern blotting and TaqMan assays. Total RNA was extracted from trypsinized cells using the RNA-Bee reagent (Tel-Test, Inc.), and mRNA was purified using the Oligotex mRNA midi extraction kit (QIAGEN). Two hundred fifty nanograms of mRNA was used for Northern blot analysis. One hundred nanograms of PCR products was used to generate specific probes to HIF1A, HIF2A, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) by using the Rediprime random prime labeling system (Amersham Biosciences). Real-time reverse transcription-PCR (RT-PCR) was carried out on cDNA made from 100 ng of purified mRNA using SuperScript first-strand synthesis for RT-PCR (Invitrogen) utilizing commercially available probes to HIF1A, HIF2A, and ␤2-microglobulin (B2M) (Assays-on-Demand; ABI). The severalfold change upon infection was normalized by the delta threshold cycle method to B2M from UV-irradiated KSHV-treated cells. Error bars were generated using the standard error of the mean (n ϭ 3).
Western blot analysis. NE-PER nuclear and cytopasmic extraction kit (Pierce) and whole-cell radioimmunoprecipitation assay extracts were supplemented with Complete EDTA-free (Roche), 1 mM sodium orthovanadate, and 1 mM sodium fluoride. Fifty micrograms of nuclear extracts or 10 g of whole-cell lysates were resolved on a 4 to 15% gradient gel (Bio-Rad), transferred to Immobilon (Millipore), blocked with 5% milk in phosphate-buffered saline with 0.05% Tween 20, and probed with the following specific antibodies in the same solution: anti-HIF1␣, anti-HIF1␤, and anti-transcription factor II␤ (TFII␤) (BD Biosciences); anti-HIF2␣ (U.S. Biologicals); anti-VEGFR1 (Abcam); full-length specific anti-VEGFR1 (Santa Cruz); and anti-␤-actin (Sigma). Horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.) of the appropriate species were used, and the blots were visualized using the ECL Plus reagent (Amersham) and exposed to blue X-ray film (Phenix Research Products).
Immunofluorescence assays. Infection rates were monitored using antibodies against the latent KSHV protein LANA (a kind gift from A. Polson and D. Ganem) and the lytic protein ORF59 (Advanced Biotechnologies Incorporated) as described previously (32) . Immunofluorescence for HIF1␣ and ORF50 was performed under the same conditions using a 1:50 dilution of the mouse monoclonal antibody anti-HIF1␣ (BD Biosciences), a 1:1,000 dilution of anti-ORF50 antibody (a kind gift from D. Lukac and D. Ganem), and the appropriate secondary antibodies (Molecular Probes). Fluorescence was monitored with a Nikon Eclipse E400 microscope with a MicroPublisher 3.3 RTV camera using QCapture Suite (Qimaging). All relative images were generated under identical exposure times and camera settings.
HRE-luciferase assays. TIME cells were transfected in a six-well dish using the TransIt Jurkat reagent (Mirus) with 2 g of a firefly luciferase expression vector containing either a wild-type or a mutant triple repeat of the erythropoietin 3Ј HRE in the enhancer region (31) as well as 1 ng of control Renilla luciferase expression vector pRL-SV40 (Promega) for transfection efficiency normalization. The cells were infected with KSHV after 4 h of transfection, harvested 24 h postinfection, and then subjected to the dual-luciferase assay (Promega) and read on a luminometer following the manufacturer's recommendations. Transfection efficiencies were normalized for Renilla activity, and specific HIF-dependent activity was calculated by subtracting HRE mutant activity from the wildtype HRE-containing construct to remove constitutive activity. All experiments were measured in duplicate and repeated in triplicate. Initial transfection efficiency of TIME cells was observed with a green fluorescent protein construct, and 5 to 10% of the cell population was green fluorescent protein positive with 2 g of construct transfected.
Immunohistochemistry. Slides mounted with sections of paraffin-embedded Kaposi's sarcoma were obtained from the AIDS Cancer Specimen Resource (ACSR). Slides were deparaffinized, rehydrated, and washed with phosphatebuffered saline. Following antigen retrieval in 0.1 mM sodium citrate (pH 6.0) and the quenching of endogenous peroxidase activity with 3% H 2 O 2 , samples were blocked with 5% normal horse serum prior to incubation with primary antibodies overnight at 4°C. Signals were processed according to the supplied protocol (Elite ABC kit). Slides were counterstained with hematoxylin QS, dehydrated, and mounted using Permount (Fischer Scientific). HIF1␣ and HIF2␣ antibodies were purchased from Novus Biologicals (catalog no. NB100-131 and NB100-132). An antibody against KSHV LANA was obtained from Advanced Biotechnologies Incorporated. The Elite ABC kits, DAB (3,3Јdiami-nobenzidine), and hematoxylin QS were purchased from Vector Laboratories.
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RESULTS
KSHV induces HIF alpha transcripts upon infection of endothelial cells.
Our previous microarray analysis of latent KSHV-infected endothelial cells indicated an increase in both HIF1␣ and HIF2␣ mRNA, sustained from 24 to 96 h postinfection. To confirm and expand these results, Northern blot analyses were performed on mock-and KSHV-infected TIME and primary HMVEC-d cells. KSHV infection of either the immortalized or the primary endothelial cells led to an increase of both HIF1␣ and HIF2␣ transcripts at 48 h postinfection compared to that for the GAPDH loading control (Fig.  1A) . This increase was then quantified using commercially available TaqMan real-time RT-PCR probes, which revealed about a fivefold and two-to threefold inductions upon infection, respectively (Fig. 1B) . The real-time analysis was normalized to cells treated with UV-irradiated KSHV, which allows viral binding and entry but blocks viral gene expression. As such, the increase in the abundance of HIF alpha transcripts upon KSHV infection was a result of viral gene expression. In addition, we see no significant change when we use real-time RT-PCR to compare HIF1␣ mRNA in cells infected with UV-irradiated virus to HIF1␣ mRNA in cells that were mock infected (the change in cycle threshold was Ϫ0.8 [n ϭ 7]; all numbers are normalized to ␤2-microglobulin). This indicates that, in our experiments, binding and entry alone do not significantly change the levels of HIF1␣ mRNA at 48 h postinfection. Furthermore, using Northern blot analysis of polyadenylated RNA at 48 h postinfection, we see no significant difference between HIF1␣ mRNA levels in cells that were infected with UV-irradiated virus and that for cells that were mock infected (data not shown).
HIF alpha proteins are increased in KSHV-infected TIME cells. Since HIF alpha proteins are usually rapidly degraded under normoxic conditions, rendering them undetectable, mock-and KSHV-infected TIME cells were treated with the hypoxia mimic, DFO (150 M), to unmask any potential transient increase in protein abundance. Western blot analysis was performed on nuclear extracts from normoxic and DFOtreated cells. As shown in Fig. 2 , HIF1␣ and HIF2␣ are detectable in the presence of the hypoxia mimic and there was a large increase of both proteins in KSHV-infected lysates at 48 h postinfection, when the hypoxia mimic was present for the last 8 h. The upper band, above 120 kDa in the HIF2␣ immunoblot, is a cross-reactive band, which is unchanged under all conditions. The HIF1␤ subunit is constitutively expressed, and the nuclear abundance was increased in both mock-and KSHV-infected nuclear extracts exposed to DFO to similar degrees, as expected, since KSHV did not increase its transcript abundance. This is indicative of a functional HIF heterodimer, which leads to a larger nuclear pool of both the alpha and the beta subunits (11). The nuclear load control, TFII␤, was unchanged under all conditions, demonstrating the specificity of the stabilization of HIF alpha subunits by KSHV. The increase in stabilized HIF alpha proteins is consistent with KSHV increasing the transient expression of the proteins via increased transcript abundance.
HIF alpha proteins are degraded by oxygen-dependent ubiquitination and proteosomal processing, and proteosome inhibitors will lead to an increase in normoxic protein abundance with sufficient time (46) . A time course of treatment with the proteosome inhibitor MG132 was carried out, and the resulting nuclear extracts were subjected to Western blot analysis to alternatively verify the aforementioned hypoxia mimic results. As shown in Fig. 3 , with KSHV, a large increase of both nuclear HIF1␣ and -2␣ protein was seen with 2 h of treatment with 20 M MG132, indicating that, upon stabilization, KSHVinfected cells express more HIF alpha subunits than do uninfected cells. There is also an increase in HIF1␤ with MG132 treatment, and this increase is more apparent with KSHV infection, once again indicating potentially functional nuclear HIF heterodimer.
The increase in HIF1␣ is due to latent gene expression. The infection of endothelial cells with KSHV leads to the establishment of latency in most cells; however, there is a very low percentage of cells expressing markers of lytic replication. As such, it is hard to gauge the relative contribution of lytic or latent gene expression to changes induced, on average, in a mixed cell culture population. To examine HIF1␣ expression on a single-cell basis, HIF1␣ protein was monitored by immunofluorescence during a time course of MG132 treatment of mock-and KSHV-infected TIME cells. At numerous time points between 48 to 96 h postinfection, the effect of KSHV plus MG132 was monitored. HIF1␣ was stabilized to very high levels in a greater proportion of the infected cells compared to that in mock-infected cells at all time points tested from 0.5 h to 3 h of MG132 treatment. In the control vehicle-treated cells, neither mock-nor KSHV-infected cells expressed detectable HIF1␣ under normoxic conditions, as expected (Fig. 4A) . As shown in Fig. 4A, HIF1␣ protein stained much brighter in LANA-positive (KSHV latently infected) cells treated with MG132 for 1.5 h compared to that in uninfected cells. Also of note, many MG132-treated mock-infected cells were completely negative for HIF1␣, while some are weakly positive, but most, if not all, of the LANA-expressing cells, about 80% of the total cell population, were positive to strongly positive for HIF1␣. Similar results were seen with 2 h of treatment with another proteosome inhibitor, lactacystin (data not shown). This staining pattern is further demonstrated at a higher magnification from a separate experiment (Fig. 4B) with an indicated uninfected cell, which is LANA and HIF1␣ negative with 3 h of MG132, while the KSHV-infected LANA-positive cells are a mixed population of positive and strong positive HIF1␣ expressers. The role of lytic gene expression in the stabilization of HIF1␣ was investigated by costaining infected cells for HIF1␣ and ORF50, the KSHV lytic switch protein. As shown in Fig. 4C , there is no stabilization of HIF1␣ in the absence of MG132, even in an ORF50-positive cell, and the stabilization of HIF1␣ with 2 h of MG132 does not occur solely in the ORF50-positive cells. Importantly, MG132 (or lactacystin) treatment does not affect the percentage of cells expressing LANA (Fig. 4A) , ORF59 (see below), or ORF50 (Fig. 4C and  see below) . Overall, uninfected TIME cells stabilized with MG132 (or lactacystin) were either negative or very weakly positive for HIF1␣ staining, while KSHV-infected cells were all positive to strongly positive. Thus, with MG132 stabilization, KSHV latently infected endothelial cells exhibit a net increase in the heterogeneous staining of HIF1␣.
To determine whether either the hypoxia mimic or proteosome inhibitor altered KSHV lytic replication, we used immunofluorescence to examine the effect of DFO and MG132 on the percentage of cells staining positive for a viral latent (LANA) or two lytic markers (ORF50 and ORF59). There is no significant increase in the percentage of cells expressing LANA, ORF50, or ORF59, with 24 h of 150 M DFO treatment at 48 h postinfection (control cells were 87% LANA positive, 0.2% ORF50 positive, and Ͻ0.2% ORF59 positive. DFO-treated cells were 88% LANA positive, 0.2% ORF50 positive, and 0.6% ORF59 positive), indicating that the hypoxia mimic fails to induce lytic reactivation in microvascular endothelial cells. Also, neither 2 h of MG132 treatment (both were 0.2% ORF50 positive) nor 2 h of treatment followed by 22 h without the proteosome inhibitor led to lytic induction (also 0.2% ORF50 positive). This indicates that our treatment conditions do not significantly alter the percentage of lytic or latently infected cells, supporting the hypothesis that the upregulation of HIF is occurring predominantly in latently infected cells.
KSHV-induced HIF is active under normoxia and synergizes with a hypoxia mimic to increase activity. HIF activity can be monitored by luciferase reporter constructs containing HRE consensus sites. Here we employed a reporter of HIF activity, utilizing a dual-luciferase assay for HRE-specific activation of a firefly luciferase gene containing a triple repeat of the erythropoietin gene HRE in the 3Ј enhancer region, driven by the simian virus 40 promoter. This reporter can be activated by either HIF1␣ or HIF2␣ containing functional heterodimers. Because KSHV infection activates many promoters, the activation of the HIF-responsive construct was compared to that of an identical construct, except that the HRE sites were mutated such that they are insufficient for HIF binding (31) . All experiments were normalized to the Renilla luciferase cotransfection control, driven by the simian virus 40 promoter without a 3Ј enhancer. The exploitation of these constructs allowed for the quantification of the activity resulting from the transient increase in HIF alpha subunit proteins induced by KSHV latent infection. As shown in Fig. 5A , the acute hypoxia mimic (8 h with DFO) induces a twofold increase in HRE-luciferase activity, KSHV infection induces a threefold increase in this activity at 24 h postinfection, and DFO, for the last 8 h of infection, synergizes to increase HRE activity about sixfold over the control, mock-infected cells. This indicates that the KSHV-induced transient HIF is more active than DFO alone To investigate the expression levels of this protein, we compared mock-and KSHV-infected cells treated with DFO. Consistent with the activity data from Fig. 5A , whole-cell lysates from 48 h of KSHV infection expressed significantly more of both the soluble and full-length isoforms of VEGFR1 and the increase in full-length VEGFR1 was synergistic in the presence of DFO in a time-dependent fashion from 4 to 8 h (Fig. 5B) . This result was further verified by KSHV infection of primary HMVEC-d. As shown in Fig. 5C, 8 h of 150 M DFO increases soluble VEGFR1, KSHV increases both soluble and fulllength VEGFR1 and the increase with KSHV and DFO is synergistic at 24 h postinfection. This indicates that KSHV infection can induce both measurable HIF transcriptional activity and HRE-responsive genes, even in the absence of detectable HIF alpha proteins, suggesting a functional role for a transient increase in HIF alpha protein.
To verify that VEGFR1 is indeed downstream of HIF activation, we utilized an Src family kinase inhibitor, SU6656 (4), which blocks one of the few pathways known to induce transcriptional up-regulation of both HIF1␣ and HIF2␣ (29, 56) . Treatment with SU6656 for the last 20 of 48 h of infection was sufficient to mitigate the viral-induced up-regulation of both HIF1␣ and HIF2␣ in a dose-dependent fashion (Fig. 6A) , with a concomitant decrease in mRNA (P. A. Carroll and M. Lagunoff, unpublished data). A total of 20 M SU6656 also decreased nuclear HIF1␤, indicating the loss of nuclear HIF activity (Fig. 6A ). This treatment also blocks the downstream gene, VEGFR1, in a dose-dependent fashion, with a maximal decrease at 20 M, when nuclear HIF1␤ is decreased to mock levels (Fig. 6B) . Similar results were seen at 24 h postinfection (data not shown). This demonstrates that HIF1␣, HIF2␣, and VEGFR1 are all coregulated and indicates that the HRE activity resulting from KSHV infection has functional ramifications on downstream gene activation, even under normoxic conditions. VEGFR1 is not induced by KSHV lytic gene expression. HIF1␣ mRNA can survive host shutoff during lytic KSHV infection (21) . The effects of lytic reactivation on TIME cell VEGFR1 expression was monitored by Western blot analysis of cells induced to go lytic. KSHV-infected TIME cells were induced by superinfection with an adenoviral vector encoding KSHV ORF50, the lytic switch protein, which is sufficient to initiate the lytic cycle (1). The induction was carried out under conditions sufficient to induce host shutoff (22) and was monitored by immunofluorescence for the lytic marker ORF59. Interestingly, by 24 h postinduction, the increase of VEGFR1 protein by KSHV infection of TIME cells was mitigated by lytic gene expression in a dose-dependent manner (Ͻ0.5% to ϳ20% lytic), whereas the expression of ␤-actin was unchanged, as monitored by whole-cell lysate Western blot analysis (Fig.  7) . This indicates that FLT1 mRNA does not escape host shutoff or that HIF1␣, though stabilized, is not active on the FLT1 promoter during KSHV lytic infection. This is consistent with earlier microarray results which did not demonstrate widespread lytic induction of hypoxia-responsive genes (21) . This also supports the role of KSHV latency in functional HIF activation.
KS lesions express elevated levels of HIF1␣ and HIF2␣ proteins in vivo. Since KS lesions are potentially subjected to proinflammatory cytokines and growth factors that can induce (54) and the architectural changes to the vasculature could result in perturbations to the microcirculation leading to true hypoxia, we examined the expression of HIF proteins in vivo by immunohistochemistry. We stained slides of paraffin-embedded samples (obtained from the ACSR) containing nonconsecutive serial sections from the same blocks of AIDS-associated dermal KS tumor tissue for HIF1␣, HIF2␣, and the viral antigen LANA to indicate KSHV-infected tissues within the lesion. Figure 8 shows results in which we aligned sections from the same regions (though not from serial sections) on these slides. As expected, KSHV is present in the spindle cells throughout the lesion, as monitored by the brown LANA nuclear staining (Fig. 8 ). HIF1␣ and HIF2␣ were highly expressed in a subpopulation of the spindle-like cells (Fig. 8 ) that appeared to also be positive for KSHV LANA. Though dual-label immunohistochemistry was not employed, we believe these are overlapping populations and numerous studies have demonstrated the expression of LANA is in most if not all of the spindle cells of a KS lesion. Also, as shown in the ϫ400 magnification (right column of Fig. 8 ), the uninfected cells adjacent to the vascular space at the bottom left of each panel are also negative for nuclear HIF1␣ and HIF2␣ expression, whereas the spindle cells internal to the open space are a mixed population of KSHV-positive and uninfected cells, a subset of which express nuclear, stable HIF1␣ and HIF2␣. The HIF1␣ antibody exhibits a higher background than does the HIF2␣ antibody, but there is detectable nuclear HIF for both. Also of note, a number of the HIF2␣-positive cells appear to potentially be infiltrating dendritic cells. Similar HIF2␣ and HIF1␣ staining was seen with tissue from two different KS tumors from different donors (data not shown). Thus, KSHV-infected cells within a KS lesion express elevated levels of HIF1␣ and HIF2␣ and this does not appear to be a result of general hypoxia since the adjacent tissue is negative for LANA and the two HIF proteins.
DISCUSSION
The data presented here demonstrate a novel viral regulatory mechanism for the induction of functionally active HIF transcription factors. The hypoxic response is generally regulated by the protein stability of HIF alpha subunits, mediated by irreversible, oxygen-dependent prolyl-hydroxylases (17) . These enzymes modify key residues within the HIF1␣ or HIF2␣ oxygen-dependent degradation domain (26) , allowing recognition by the E3 ligase VHL (36) . VHL then induces polyubiquitination and proteosomal degradation of HIF1␣ or HIF2␣ (27, 28) . A number of viral gene products, including the KSHV vGPCR protein, have been demonstrated to stabilize HIF1␣ protein via posttranslational modification (51) . In contrast, we found that, while KSHV latent infection functionally activates HIF, it does not significantly stabilize the protein.
Rather, KSHV up-regulates the transcription of HIF1␣ and HIF2␣, thereby increasing the transient levels of HIF alpha proteins. Importantly, we found that these transient levels are enough to induce HIF transcriptional activity and the hypoxiaresponsive gene VEGFR1. This increase in activity requires the activity of at least one Src family kinase (SFK) member since SU6656, a SFK inhibitor (4), had a dose-dependent inhibitory effect on the increase in expression of both HIF alpha subunits, the increased nuclear localization of the beta subunit, and the increased expression of VEGFR1 in infected cells. Interestingly, oncogenically active viral Src has been shown to induce HIF1␣ by increasing transcript abundance, which leads to normoxic activity (29) . The expression of viral Src synergizes with hypoxia to lead to even more HIF-1 stabilization, activity, and expression of the downstream gene VEGF (29) . We found similar synergy of KSHV infection and DFO, a hypoxia mimic, in both TIME cells and primary HMVEC-d. Src family kinases were also implicated in the normoxic induction of HIF2␣ via increased transcription by interleukin 1␤ (IL1␤) (56) as well as a hypoxia-induced positive feedback loop involving increased HIF2␣ mRNA (48) . SU6656 is a potent and specific inhibitor of SFKs and has previously been used in endothelial cells at doses of 2 to 10 M, which are similar to doses used here (12, 39, 63) . Thus, it is likely that KSHV activates HIF-1 and/or -2 through activated SFK(s), possibly Src itself.
Our data show that the activation of HIF is due to latent FIG. 8 . KS lesions express elevated levels of HIF1␣ and HIF2␣. Slides of AIDS-associated dermal KS tissue were obtained from the ACRS, hematoxylin QS counterstained, and stained brown by immunohistochemistry for LANA, HIF1␤, and HIF2␤ as indicated. Shown for each are photos at ϫ100 (left) and ϫ400 (right) magnifications from the dashed box of the photo at ϫ100 magnification. (21) . Importantly, latent gene products are also expressed during lytic replication. The previous study compared KSHV lytic-infected cells to uninfected cells, not to predominantly latently infected TIME cells, and therefore did not directly address events occurring during KSHV latent infection. There is no concomitant increase in lytic replication in endothelial cells upon HIF activation, even in the presence of the hypoxia mimic DFO. In addition, we examined HIF on a single-cell basis and found that a much higher percentage of cells expressed elevated levels of HIF1␣ than the lytic markers ORF50 or ORF59, about 0.5% of the total population. Thus, the phenomenon described here is due to latent infection. Acute or chronic hypoxia as well as two mimetic agents has been shown to increase lytic replication in PEL cell lines (13) . Of note, we used a significantly higher dose of DFO and still failed to detect any induction of the lytic markers ORF50 or ORF59 by immunofluorescence in our endothelial system, though we did see an induction of HIF activity. However, different stimuli have been demonstrated to have an opposite effect on KSHV lytic gene expression in different cell types. Gamma interferon induces lytic reactivation in PEL cells (3, 8, 37) , whereas treatment of infected microvascular endothelial cells with gamma interferon led to a decrease in lytic gene expression, specifically of the switch protein ORF50 (38) . Therefore, cell-autonomous effects seem to play roles in the responses of KSHV-infected cells to different stimuli regarding the induction of lytic replication. This sets the interesting precedent that hypoxia may have a similar effect. A circulating KSHV-positive B cell could travel to hypoxic tissue, reactivate in response to the lower oxygen, and produce infectious virus to seed the surrounding endothelium, which then responds to hypoxia by stabilizing the increased levels of HIF and inducing growth and angiogenesis. Interestingly, KS tissue has been shown to express high levels of cytokines which have been shown to stabilize normoxic HIF, such as IL1␤ (54) , and these same cytokines do not induce reactivation in either PEL cell lines (3, 8, 37) or KSHV-infected endothelial cells (38) . This could further lead to stabilized normoxic HIF in the KS spindle cells, altering its activity, but not inducing reactivation, thus, providing a perfect microenvironment for latent KSHV-induced HIF.
HIF-1 and -2 are critical for the induction of angiogenesis in endothelial cells (34, 55) . We show here that there are high levels of HIF1␣ and HIF2␣ expressed in KS tumors, which are endothelial derived. Many tumors experience fluctuations in oxygen levels due to tumor vasculature-associated changes in the microcirculation (45) . Dermal KS resides in the skin, a naturally hypoxic tissue (2) . In addition, the unique cytokine milieu of KS could provide paracrine factors that would stabilize normoxic HIF, especially if transcriptional up-regulation potentiated the infected cells to respond more robustly to these other factors. This would be similar to the correlation of increased VEGF secretion with higher steady-state abundance of HIF1␣ mRNA upon only hypoxic stimulation of a number of similar cancer cell lines (30) .
KS tumors are highly vascular and contain extremely high levels of neoangiogenesis. Angiogenesis involves cell division, motility, and tubule formation. The functional consequences of KSHV-induced HIF activity and VEGFR1 up-regulation may act on a number of levels. The activation of the HIF pathway could be involved in the expansion of KS tumor cells. Since the predominant tumor cell is endothelial in nature, the activation of the HIF pathway could result in infected cells being able to respond to mitogens in the tumor milieu. KS lesions contain high levels of VEGF and VEGF-C (47, 50) . VEGFR1 responds to VEGF, while VEGFR3 responds to VEGF-C. Here we have shown that KSHV increases the expression of VEGFR1 through HIF, and our previous work demonstrated an increase in VEGFR3 expression at the same time postinfection (6) . Thus, the activation of HIF and subsequent VEGFR1 up-regulation could ultimately lead to a growth advantage in vivo for latently infected spindle cells. The induction of pathways involved in angiogenesis in the infected cells could also lead to the activation of the surrounding vasculature by the secretion of paracrine factors, thus contributing to the large amounts of angiogenesis seen in the KS tumor. Interestingly, KSHV latent infection and hypoxia mimics act synergistically on HIF activity and VEGFR1 up-regulation. IL1␤ synergizes with hypoxia to increase VEGF secretion from cells in a similar fashion (18) . Synergy is expected if the virus induces higher transient levels of the protein and hypoxia itself stabilizes the protein. The question remains whether the transient levels of HIF play a major role in KS pathogenesis and whether the synergy between KSHV and hypoxia is also important. Classic KS, which appears in the apparent absence of immunosuppression, occurs predominantly on the lower extremities of elderly men, a common site of poor circulation in the elderly. There is also an association of KS with diabetes, which is known to cause circulatory problems (19, 33) . In addition, KS occurs on the skin, another site where hypoxic conditions have been measured (2) , and KS has been described at the site of a surgical wound, yet another hypoxic tissue (62). Thus, it is possible that KSHV activates the transcription of HIF1␣ and/or -2␣, inducing some activity, but full activation occurs either in a hypoxic microenvironment or in one which provides another required HIF-stabilizing/ activating factor. This would indicate that KSHV latently infected endothelial cells are primed for the induction of angiogenesis and, ultimately, sarcomagenesis.
